A family of closely related zinc porphyrin-pyridine complexes were used to examine the influence of linker preorganization on supramolecular effective molarities for formation of intramolecular H-bonds.
Introduction
Multivalency or chelate cooperativity is a key strategy in designing ligands with high specificity and affinity. [1] [2] [3] [4] This principle has been applied in the self-assembly of functional nanosystems, material science and new toxin therapies. [5] [6] [7] However, a quantitative understanding of the thermodynamic contributions of individual interactions within a multivalent system is still problematic. One important question that needs to be addressed is will the strength of any individual functional group interaction depend on the overall stability of the multivalent complex in which it is found? Whether the free energy contribution of an intramolecular interaction changes significantly between a weakly bound and a strongly bound complex influences how transferrable interactions are from one system to another, and thus the rational design of supramolecular systems. In order to answer this question, we have designed a series of zinc porphyrin-pyridine complexes to investigate the relationship between ligand preorganization in a supramolecular complex and chelate cooperativity. By comparing the free energy contributions of the same H-bond to the overall stabilities of different complexes, we show that there are no structural tightening effects and that the strength of an intramolecular interaction is independent of ligand preorganization. 8 
Approach
Cooperativity between multiple interaction sites renders the overall stability of a supramolecular system different from the sum of the individual interactions in isolation. 9, 10 The key parameter used for quantifying chelate cooperativity is effective molarity (EM). EM defines the concentration at which intermolecular interactions, which result in oligomerization, start to compete with intramolecular interactions. [11] [12] [13] Fig. 1 illustrates how EM values can be measured for the formation of intramolecular H-bonds in synthetic zinc porphyrin-pyridine complexes. We consider that the formation of a zinc porphyrinpyridine complex, as shown in Fig. 1b , goes through two steps: first formation of a zinc-pyridine coordination bond with association constant K 0 , and then formation of an intramolecular H-bond with equilibrium constant K ref EM, where K ref is the association constant for formation of the corresponding intermolecular interaction (Fig. 1a) . Strictly, the H-bond in Fig. 1b is an intermolecular interaction, but considering that it governs the second step of the process, we will refer to this interaction as intramolecular here. Through comparison between the intramolecular and intermolecular association constants for H-bond formation, the value of effective molarity (EM) can be determined experimentally.
In order to measure the intramolecular equilibrium constant K ref EM, a chemical double mutant cycle (DMC) can be used to dissect out the free energy contribution of individual intramolecular interactions as shown in Fig. 2 . 14, 15 In principle, comparison of the free energies of formation of complexes A and B measures the H-bond interaction between the porphyrin phenol group and the ligand carbonyl group. However, the difference between the stabilities of complexes A and B also includes a contribution from secondary interactions between the carbonyl H-bond acceptor and the porphyrin core. These secondary interactions can be directly measured by comparing the free energies of formation of non-H-bonding complexes C and D. Thus, the free energy contribution due to the intramolecular H-bond can be quantified using eqn (1) . Using this approach and assuming that free energy contributions are additive, all secondary interactions cancel in a pairwise manner.
14-16
In any complex held together by multiple weak interactions, the bound state is a mixture of partially bound states, where not all of the interactions are fully populated. 17, 18 For example, the bound state in Fig. 1b 
For complexes that can make two H-bonds, there are four possible bound states. Fig. 3 shows a complex where the porphyrin phenol groups can form a H-bond with a terminal carbonyl group (red) and with a linker carbonyl group (blue). Stepwise equilibria in the formation of a porphyrin-pyridine complex containing an intramolecular H-bond. K 0 is the intermolecular association constant for formation of the zinc-nitrogen interaction. K ref EM is the equilibrium constant for formation of the intramolecular H-bond, and EM is the effective molarity for the intramolecular interaction. Fig. 2 Chemical double mutant cycle (DMC) for measurement of the free energy contribution of an intramolecular H-bond to the stability of complex A. Fig. 3 Structure of a zinc porphyrin-pyridine ligand complex that can make two H-bonds. There are four different bound states with populations that depend on the strengths of the H-bonds that the porphyrin phenol groups make with the terminal carbonyl group (red) and with the linker carbonyl group (blue).
When X = O, the terminal carbonyl group on the ligand is connected by an ester linker, which makes a weak H-bond (β = 5.3). When X = NEt, the terminal carbonyl group is connected by an amide linker, which makes a strong H-bond (β = 8.5). 19 The strong H-bond formed with the amide linker will be highly populated compared with the ester linker, and the consequent preorganization of the amide ligand (X = NEt) might be expected to enhance the free energy contribution due to the H-bond formed with the terminal carbonyl group. In other words, the population of the blue H-bond in Fig. 3 may influence the population of the red H-bond. In this paper, we quantify the effect of linker preorganization on the EM for formation of H-bonds with the terminal carbonyl group by comparing families of ligands with amide and ester linkers. 
Results and discussion

Synthesis
All ligands in the Lc series are commercially available. The synthesis of the porphyrin receptors and the ligands with ester linkers (L5 and L6) was published previously. 16, 20 The ligands with amide linkers (L11 and L12) were prepared by converting the corresponding pyridine carboxylic acid to the acid chloride and coupling with the appropriate amine (Scheme 1). Amines 2 and 4 were prepared based on literature procedures. 
Scheme 1
Binding studies
The association constants for formation of the 48 complexes between the 8 porphyrins and the 6 ligands (L11 and L12) were measured using UV/vis absorption and fluorescence titrations in both toluene and TCE (see Experimental section for details). All titration data fit well to a 1 : 1 binding isotherm apart from complex P4a·L12f in toluene, and the results are reported in Tables 1 and 2 for toluene and TCE respectively. Association constants for the complexes formed with the Lc, L5 and L6 ligand families in toluene and TCE have been reported previously. 16, 20 The association constants in Tables 1 and 2 span six orders of magnitude from 10 2 to 10 8 M −1 , depending on the H-bond acceptors, the solvent and geometrical complementarity. Fig. 6 compares the association constants measured for isomeric zinc porphyrin-ligand complexes in toluene (black) and in TCE (gray): the terminal amide ligands with ester linkers (L5e and L6e) and the terminal ester ligands with amide linkers (L11f and L12f ) have practically identical association constants in both solvents. This suggests that the H-bonding interactions in these complexes make similar free energy contributions regardless of whether they are located in the linker or terminal sites on the ligands.
DMC analysis of intramolecular H-bonds
The association constant data in Tables 1 and 2 are illustrated graphically in Fig. 7 . The results are colour coded according to the role of the complex in the DMC. Complexes in blue, which can make both linker and terminal H-bonds, are generally more stable than the complexes in yellow, which can only make the linker H-bond, and the complexes in green and red, which cannot make any H-bonds. The free energy contributions of the linker H-bonds for the Lb series of ligands were determined using the DMC shown in Fig. 8 . The results are listed in Tables 3 and 4 for toluene and TCE respectively. In toluene, 13 of 16 complexes make detectable intramolecular H-bonds. In TCE, 12 of 16 complexes make detectable H-bonds. On average, the linker amide H-bonds are 5 kJ mol −1 stronger than the linker ester H-bonds.
The free energy contributions due to the terminal H-bonds for the Le and Lf ligand series were determined using the DMC shown in Fig. 9 . The results are listed in Tables 5 and 6 for toluene and TCE respectively. For the Lf ligands, most systems do not form detectable H-bonds with the terminal ester groups. For the Le ligands, all of the complexes make detectable amide-phenol H-bonds in toluene, and 14 of 16 complexes make detectable amide-phenol H-bonds in TCE.
One assumption of the DMC methodology is that the free energy contributions from individual interactions are additive. Fig. 10 compares the total free energy contribution due to H-bonding interactions in complexes of one-armed ligands with complexes of the corresponding two-armed ligands. If free energy contributions are additive in these systems, the free energy contribution measured for two H-bonds (ΔΔG°(2)) should be double of the contribution due to one H-bond (ΔΔG° (1)). Fig. 10 shows that it is indeed the case in all of the systems studied here, confirming the validity of the additivity assumption.
Effective molarities for intramolecular H-bonds
In order to convert the values of ΔΔG°into effective molarities (EM), the association constants for formation of the corresponding intermolecular interactions (K ref ) were measured by 1 H NMR titrations using the compounds shown in Fig. 11 . 23 In all cases, the data fit well to a 1 : 1 binding isotherm. The results are listed in Table 7 and compared with values estimated using literature H-bond parameters and eqn (3) (K calc ).
There is a good agreement between the experimental and calculated values.
where α and β are the H-bond parameters for the H-bond donor and acceptor, and α S and β S are the H-bond parameters for the solvent.
As illustrated in Fig. 3 , complexes held together by multiple non-covalent interactions are mixtures of partially and fully bound states. Thus the association constant measured experimentally, K obs , is the sum of the association constants of all possible bound states (eqn (4)). 
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where K i are the association constants for formation of the corresponding intermolecular H-bonds (i.e. K ref ), EM i are the effective molarities for formation of intramolecular H-bonds, and σ i are statistical factors that account for the degeneracies of the bound states (see ESI † for details of the equations used for different complexes). The zinc-nitrogen coordination bonds are not identical in all of the complexes, but differences in K 0 cancel out in the DMC, so that the value of ΔΔG°can be related to the values of K i and EM i by eqn (6) .
where the values of f A , f B , f C and f D are given by eqn (5).
Values of EM i were determined by solving eqn (5) and (6) using the values of ΔΔG°in Tables 3-6 and the values of K i in Table 7 . The results are reported in Tables 8 and 9 . The values of EM for formation of intramolecular H-bonds span two orders of magnitude from 7 mM to 460 mM. Fig. 12 compares values of EM measured in TCE with the corresponding values measured in toluene for both terminal H-bonds (red) and linker H-bonds (blue). There is good agreement between the values measured in the two different solvents, which indicates that EM is independent of solvent. This ) determined using the DMC in . Entries for complexes that do not make detectable H-bonds are italicized.
b The association constants measured in this work differ slightly from the previously published data, and the values of ΔΔG°for these complexes correspondingly differ within 1 kJ mol ) determined using the DMC in Fig. 8 at 298 K in TCE a a Average error over the data set is ±1 kJ mol . Entries for complexes that do not make detectable H-bonds are italicized. is consistent with previous observations and indicates that the major influence of solvent in these systems is to change the intrinsic strength of the individual interactions through competition for individual binding sites. ) determined using the DMC in Fig. 9 at 298 K in TCE a a Average error over the data set is ±1 kJ mol . Entries for complexes that do not make detectable H-bonds are italicized. For the one armed ligands, the occupancy of the linker H-bond is given by the population of the fully bound state in the complexes formed with ligands L5b and L11b (eqn (7)).
For the two armed ligands, the occupancy of the linker H-bond can be estimated based on the populations of fully and partially bound states in the complexes formed with The association constants measured in this work differ slightly from the previously published data, and the values of EM for these complexes correspondingly differ slightly. 22 c No interaction detected. a Average errors over the data set are ±50%. b The association constants measured in this work differ slightly from the previously published data, and the values of EM for these complexes correspondingly differ slightly. 20 c No interaction detected. ligands L6b and L12b. The probability that the linker H-bond is occupied is given by the sum of the population of the fully bound state and half of the population of the state where only one of the two H-bonds is made (eqn (8)).
With the exception of the P4 complexes, where geometric mismatch precludes H-bonding, on average the amide linker H-bonds are 95% and 91% occupied in toluene and TCE respectively, whereas the ester linker H-bonds are 73% and 60% bound in toluene and TCE (Table 10 ). This implies that the amide linker imposes a significantly greater conformational restriction than an ester linker. Fig. 13 compares the values of EM measured for formation of terminal phenol-amide H-bonds using ligands with an ester linker (L5e and L6e) with the corresponding values measured for ligands with an amide linker (L11e and L12e). The values of EM are in good agreement in most cases, which indicates that the preorganization of the linker has no effect on chelate cooperativity for the formation of intramolecular H-bonds in these systems. There are two outliers in Fig. 13 , and these correspond to the P3a·L11e/ L12e and P3a·L5e/L6e complexes in toluene. In these systems, the EM for the amide linker is five times smaller than the value for the ester linker. In this case, it appears that the formation of the first H-bond with the amide linker prevents the terminal amide group from achieving an optimal geometry for formation of the second H-bond.
Conclusion
We have use a series of zinc porphyrin-pyridine complexes to investigate the influence of overall stability on chelate cooperativity for formation of intramolecular H-bonds. Two ligand families with different combinations of amide and ester H-bond acceptors located at different positions on the ligand framework were used to investigate the effects of preorganization of the ligand. The interactions of these ligands with eight different zinc porphyrins were studied in both toluene and TCE using UV/Vis absorption and fluorescence titrations. Thirty-two different DMCs were constructed to dissect out the free energy contributions of the intramolecular H-bonds and to determine the corresponding values of EM. Two different types of H-bond were measured: interactions with H-bond acceptors located on the end of the ligand side arms (terminal H-bonds), and interactions with H-bond acceptors located in the middle of the ligand side arms (linker H-bonds). Linker ester groups populate the H-bonded state 60-70% of the time, whereas amide linker groups populate the H-bonded state 90-100% of the time. Thus the amide linkers provide a significantly more preorganised ligand framework than the ester linkers. Nevertheless, the values of EM for the terminal H-bonds are very similar for both types of linker. The results suggest that preorganization of linker has no effect on chelate cooperativity in these systems.
Experimental section
Synthesis
Compound 3 A solution of p-toluene sulphonyl chloride (3.66 g, 19.2 mmol) in dichloromethane (10 ml) was added to a solution of N,N-diethyl-2-hydroxy-acetamide (2.00 ml, 15.4 mmol) in dichloromethane (10 ml) protected under a nitrogen atmosphere, and the mixture was cooled to 0°C. Triethylamine (3.22 ml, 23.1 mmol) was added dropwise, and the solution was stirred for 18 hours at room temperature. The reaction mixture was washed with brine (2 × 20 ml), and dried with magnesium sulphate. The solvent was removed on a rotary evaporator, and the crude product was purified by column chromatography on silica eluting with a mixture of hexane and ethyl acetate. The product was isolated as a colourless oil (3.95 g, 90%). Ligand L11b. Oxalyl chloride (2.70 ml, 31.0 mmol) and DMF (20 μl) were added to 3-(3-pyridinyl)propanoic acid (1.00 g, 6.62 mmol) in dichloromethane (100 ml) protected by a nitrogen atmosphere. The reaction mixture was stirred for 2 hours, the solvent was removed on a rotary evaporator, and the residue was redissolved in dichloromethane (80 ml). The solution was cooled to 0°C in a flask protected by a nitrogen atmosphere and a CaCl 2 drying tube, then diethylamine (1.13 ml, 13.2 mmol) and pyridine (1.61 ml, 19.2 mmol) were added in small portions with stirring. After 24 hours, the reaction mixture was washed with aqueous sodium hydrogen carbonate (10% w/v) (2 × 100 ml), brine (50 ml) and dried with sodium sulphate. The solvent was removed on a rotary evaporator, and the residue was purified by column chromatography on silica eluting with a mixture of ethyl acetate and hexane. The product was isolated as a clear oil (0.60 g, 44%). 1 Ligand L12b. Oxalyl chloride (0.91 ml, 10.8 mmol) and DMF (20 μl) were added to 3,5-pyridinedipropanoic acid (0.24 g, 1.08 mmol) in dichloromethane (100 ml) protected by a nitrogen atmosphere at 0°C. The reaction mixture was stirred for 3 hours, the solvent was removed on a rotary evaporator, and the residue was redissolved in dichloromethane (80 ml). The solution was cooled to 0°C in a flask protected by a nitrogen atmosphere and a CaCl 2 drying tube, and diethylamine (0.40 ml, 4.30 mmol) and triethylamine (0.90 ml, 6.46 mmol) were added in small portions with stirring. After 24 hours, the reaction mixture was washed with aqueous sodium hydrogen carbonate (10% w/v) (2 × 20 ml), brine (20 ml) and dried with sodium sulphate. The solvent was removed on a rotary evaporator, and the residue was purified by column chromatography on silica eluting with a mixture of ethyl acetate and hexane. The product was isolated as a clear oil (0.17 g, 46%). Ligand L11f. Ethylamine (14.0 ml, 28.0 mmol) was dissolved in dry acetonitrile (25 ml) and the solution was cooled to 0°C. Ethyl 2-bromoacetate (0.78 ml, 7.00 mmol) was added to the vigorously stirred reaction mixture. The reaction mixture was allowed to warm up to room temperature and stirred for an additional four hours. The solvent was removed on a rotary evaporator to afford amine 2 as a slightly yellow oil.
Oxalyl chloride (2.80 ml, 33.0 mmol) and dimethylformamide (10 μl) were added slowly to a solution of 3-pyridylpropionic acid (1.00 g, 6.60 mmol) in dichloromethane (100 ml) in a flask protected by a nitrogen atmosphere and cooled to 0°C. The reaction mixture was stirred for two hours at room temperature. The solvent was removed on a rotary evaporator, and the residue was redissolved in dichloromethane (100 ml). The freshly prepared amine 2 (0.92 g, 7.00 mmol) was added in small portions and then triethylamine (2.00 ml, 19.8 mmol) was added dropwise. The solution was allowed to stir for 18 hours at room temperature. After dilution with dichloromethane (20 ml), the solution was washed with aqueous sodium hydrogen carbonate (10% w/v) (1 × 40 ml), brine (1 × 40 ml) and dried with magnesium sulphate. The solvent was removed on a rotary evaporator, and the crude product was purified on silica eluting with a mixture of hexane and ethyl acetate. The product was isolated as yellow oil (1.20 g, 69%) . 1 Ligands L11e. Ethylamine (14.0 ml, 28.0 mmol) was dissolved in dry acetonitrile (25 ml) and the solution was cooled to 0°C. N,N-Diethyl-2[(4-methylbenzenesulphonyl)-oxy]acetamide 3 (2.00 g, 7.00 mmol) was added to the vigorously stirred reaction mixture. The reaction mixture was allowed to warm up to room temperature and was stirred for additional four hours. The solvent was removed on a rotary evaporator to afford the amine 4 as a slightly yellow oil.
Oxalyl chloride (2.80 ml, 33.0 mmol) and dimethyl-formamide (10 μl) were added slowly to a solution of 3-pyridyl-propionic acid (1.00 g, 6.60 mmol) in dichloromethane (100 ml) in a flask protected by a nitrogen atmosphere and cooled to 0°C. The mixture was stirred for two hours at room temperature. The solvent was removed on a rotary evaporator, and the residue was redissolved in dichloromethane (100 ml). The freshly prepared amine 4 (1.11 g, 7 mmol) was added in small portions, and then triethylamine (2.0 ml, 19.8 mmol) was added dropwise. The solution was allowed to stir 18 hours at room temperature. After dilution with dichloromethane (20 ml), the solution was washed with aqueous sodium hydrogen carbonate (10% w/v) (1 × 40 ml), brine (1 × 40 ml) and dried with magnesium sulphate. The solvent was removed on a rotary evaporator, and the crude product was purified on silica eluting with a mixture of ethyl acetate, methanol and acetic acid. The product was isolated as a yellow oil (1.35 g, 70% Ligand L12f. Ethylamine (14.0 ml, 28.0 mmol) was dissolved in dry acetonitrile (25 ml) and the solution was cooled to 0°C. Ethyl 2-bromoacetate (0.78 ml, 7.00 mmol) was added to the vigorously stirred reaction mixture. This reaction mixture was allowed to warm up to room temperature and stirred for additional four hours. The solvent was removed on a rotary evaporator to afford the amine 2 as a slightly yellow oil.
Oxalyl chloride (2.80 ml, 33.0 mmol) and dimethyl-formamide (20 μl) were added slowly to a solution of diacid (0.74 g, 3.30 mmol) in dichloromethane (100 ml) in a flask protected by a nitrogen atmosphere and cooled at 0°C. The mixture was stirred for two hours at room temperature. The solvent was removed on a rotary evaporator, and the residue was redissolved in dichloromethane (100 ml). The freshly prepared amine 2 (0.92 g, 7.00 mmol) was added in small portions and then triethylamine (1.3 ml, 12.9 mmol) was added dropwise. The solution was allowed to stir 18 hours at room temperature. After dilution with dichloromethane (20 ml), the solution was washed with aqueous sodium hydrogen carbonate (10% w/v) (1 × 40 mL), brine (1 × 40 ml) and dried with magnesium sulphate. The solvent was removed on a rotary evaporator, and the crude product was purified on silica eluting with a mixture of ethyl acetate, methanol and acetic acid. The product was isolated as a yellow oil, (1.01 g, 68% Ligand L12e. Ethylamine (14.0 ml, 28.0 mmol) was dissolved in dry acetonitrile (25 ml) and the solution was cooled to 0°C. N,N-Diethyl-2[(4-methylbenzenesulphonyl)-oxy]acetamide 3 (2.00 g, 7.00 mmol) was added to vigorously stirred reaction mixture. The reaction mixture was allowed to warm up to room temperature and was stirred for additional 4 hours. The solvent was removed on a rotary evaporator to afford the amine 4 as a slightly yellow oil.
Oxalyl chloride (2.8 ml, 33 mmol) and dimethylformamide (20 μl) were added slowly to the diacid (0.74 mg, 3.3 mmol) in dichloromethane (100 ml) in a flask protected by a nitrogen atmosphere and cooled at 0°C. The mixture was stirred for 2 hours at room temperature. The solvent was removed on a rotary evaporator, and the residue was redissolved in dichloromethane (100 ml). The freshly prepared amine 4 (1.11 g, 7.00 mmol) was added in small portions and then triethylamine (1.30 ml, 12.9 mmol) was added dropwise. The solution was allowed to stir 18 hours at room temperature. After dilution with dichloromethane (20 ml), the solution was washed with aqueous sodium hydrogen carbonate (10% w/v) (1 × 40 ml), brine (1 × 40 ml) and dried with magnesium sulphate. The solvent was removed on a rotary evaporator, and the crude product was purified first on silica eluting with a mixture of ethyl acetate, methanol and acetic acid and then by a reverse phase C18 column eluting with a mixture of methanol and water. The product was isolated as a yellow oil, (0.4 g, 24% Automated UV/vis absorption titrations UV/vis titrations were carried out using a BMG FLUOstar Omega plate reader equipped with a UV/v is detector and equilibrated at 298 K. A 5 ml solution of porphyrin was prepared at known concentration (1-5 µM) in spectroscopic grade solvent. A 10 ml solution of ligand was prepared at known concentration (8-40 000 µM) using spectroscopic grade solvent. 150 µl of the porphyrin solution was added to a well of a Hellma quartz microplate, and the absorbance at five wavelengths was recorded. Aliquots of the ligand solution (3, 6 or 10 µl) were successively added to the well, and the absorbance was recorded after each addition. Changes in absorbance were fit to a 1 : 1 binding isotherm in Microsoft Excel to obtain the association constant. Each titration was repeated at least three times, and the experimental error is quoted as twice the standard deviation at a precision of one significant figure.
Automated fluorescence titrations
Fluorescence titrations were carried out at 298 K using the BMG FLUOstar Omega plate reader equilibrated. A 10 ml solution of porphyrin was prepared at known concentration (0.1-1 µM) in spectroscopic grade solvent. A 10 ml solution of ligand was prepared at known concentration (5-63 µM) using spectroscopic grade solvent. 150 µl of the porphyrin solution was added to each of 12 wells of a Hellma quartz microplate. Different volumes of ligand solution (0-150 µl) were added to each well and solvent was added to give a total volume of 300 µl. The excitation wavelength was set at 420 or 430 nm, and the fluorescence emission was measured at four wavelengths (590, 600, 620 and 650 nm) for each well. Changes in fluorescence emission were fit to a 1 : 1 binding isotherm in Microsoft Excel to obtain the association constant. Each titration was repeated at least three times, and the experimental error is quoted as twice the standard deviation at a precision of one significant figure.
Fluorescence displacement titrations
Fluorescence displacement titrations were carried out at 298 K using a Hitachi F-4500 fluorescence spectrophoto-meter. A 20 ml solution of ligand Q (Fig. 14) at known concentration (about 10 mM) was prepared using spectroscopic grade solvent. A 10 ml solution of porphyrin was prepared at known concentration (about 0.5 µM) by dissolving the porphyrin in the Q stock solution. A 2 ml stock solution of ligand L was prepared at known concentration (about 1 µM) by dissolving L in the porphyrin-Q stock solution, so that the concentration of the porphyrin and Q remained constant throughout the titration. 2 ml of the porphyrin-Q stock solution was loaded into a 1 cm path length fluorescence cuvette, and the fluorescence emission spectrum was recorded between 500 and 750 nm exciting at 427 nm. Aliquots of the L stock solution were added successively to the cuvette, and the emission spectrum was recorded after each addition. Microsoft Excel was used to fit the fluorescence emission intensity at fixed wavelengths to a 1 : 1 binding isotherm with a linear correction to allow for non-specific effects. This gave the apparent association constant, K app , which was used to determine the association constant for formation of the porphyrin-ligand complex using eqn (9) and K Q from Table 11 . Each titration was repeated at least three times, and the experimental error is quoted as twice the standard deviation at a precision of one significant figure.
Fig. 14 Ligand Q used in fluorescence displacement titrations. 
